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Abstract: We present a molecular dynamics study of theelix formation in a system consisting of a 15-
residue poly(-alanine) and surrounding water molecules. By applying a relatively high temperature, we observed
the a-helix formation several times during a 17-ns run, and reversible-hebx transitions were also observed.
Thea-helix formations were usually initiated by tifeturn structures. A crank-shaft-like motion of the peptide
was included in the folding process. In the formedhelical domains, substantialghelix formations were

found especially at the termini, as observed by the NMR study. The folding time scale at room temperature
estimated from our simulation was found to lie in the range of 100 ns, which is in accord with the time scale
of the T-jump experiments. The total energy of the whole system was lower in-ttedix state than in the
random-coil state by 20.4 4.8 kcal/mol, which is consistent with the experimental value obtained by
calorimetry. This energy decrease in forming theelix was mainly caused by the Coulombic energy and the
torsional energy.

Introduction the mechanism of the protein foldifg!® but also make it
possible to directly compare the two peptide-folding events

Recently, the technique of observing the initial process of . ; .
protein folding has been developed, and the events occurrinqobserved _by the experiments and by the computer simulations
' with atomic resolution.

on a sub-microsecond time scale can be detected by the . . . .
The atomic-resolution computer simulations of large mol-

temperature jump using a nanosecond pulse fageFor ) )
example, in myoglobin, the formation of-helices is found to e_cules,_hovv_ever, require con§|derable computer power, and the
be complete within s, and the helices then coalesce to form simulation time-range IS rtisstn.cted to grqunq 10 ns, except for
a nativelike structure in the following microsecord$.The a few very recent studiés: .W'th thls.hmltatlon, the folding
o-helix formation of a short alanine-rich peptide is directly S|mulat|(_Jn of even a_smaII-S|zed protein s not tractable, whereas
observed with the same technique, and the time scale of thethe folding simulation of a short peptide towgrd the regular
o-helix formation is reported to be about 180 3fsIn this struct_ure such as the—hellx Seems to be feasible, _smce.the
connection, the-sheet formation is found to be slower (i.e. o-helix formation is rapid. In practice, a number of simulations

’ " of short peptides have been performed starting fronuthelical

several microseconds) than thehelix formation’! These ructure | di licit wat lecutés where th
experimental observations of the time course of the secondary-s fucture immersed In explicit water molecuies,” where the
stability of theoa-helix was investigated. In most cases, only an

structure formations not only provide a clue to understanding ; . . ;
yp 9 irreversible unfolding process was observed. The folding
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folding events of thex-helix.24~27 Actually, we have observed
a number of helix-coil transitions of a polyalanine chain by

using the NoseHoover heat bath’ ; ; :
B . h ide th ins f fi . and the surrounding water molecules. The all-atom force field of Weiner
y using a short peptide that contains four or fiveé amino o 536 yas used for the polyalanine chain, of which the N terminus

acids, the reverse turn formations have been simulated in explicitang the C terminus were acetylated and methyl-amidated, respectively.
water?82° Tobias et al. showed a 2.2-ns molecular dynamics The SPC watéf was used as the water model, and 2094 water
simulation of reverse turn formations with a penta-peptfde, molecules were implemented. A spherical boundary condition was
and Bashford et al. performed a longer simulation with a tetra- employed with a half-harmonic potential (the force constant was set at
peptide for 7.7 ns and observed enough transitions to conduct150 kcal/mol/R) to prevent the evaporation of water molecules. This
a thermodynamic analysﬁg_These Simu'ations Shed ||ght on half-harmonic pOtentiaI took effect Only for the water molecules outside
the mechanism of nucleus formation of arhelix. However, the 27.5-A radius sphere. Inside the sphere, the water molecules
there has not been a simulation of ashelix formation using contracted to some degree because of the surface tension, resulting in
. . . . a deformable droplet. The density of water, however, was almost
a longer peptide in explicit water, starting from the structure

. . g . uniform along the radius and nearly equal to the experimentally
othe_r _than the(_’"hel'cal one. AIthoth the s'mmat'on_w'th determined bulk water density at a given temperattiexcept for the
explicit water is more time-consuming than that with an

i - ) _ outermost shell region with the radius greater than 23 A. Since we
approximated solvation method such as a continuum model, it attempted to simulate such a large conformational change as the helix
is advantageous to obtain a more realistic picture of nature, coil transition of a polypeptide, we must prepare a sphere large enough
because approximations made there are kept to a minimumto solvate the polypeptide of any conformation. This requirement was
without losing the many body interactions between the solute fulfilled because the effective radius (or radius of gyration) of the
and the solvents. peptide, which usually lay between 7 and 11 A}fluring the simulation
. . period, was sufficiently smaller than the 27.5-A radius. In addition,
. In th.ls paper, we report the molgcular dynamics (MI.D). the end-to-end distance of the fully extended conformation was about
simulations of a 15-residue polyalanine solvated by explicit

O ! 55 A, which is equal to the diameter of the sphere we used. To keep
water molecules. Alanine is thought to be one of the residues e peptide close to the center against the translational motion

that have a high helix pr_opensfi?l?“ The synthesized alanine- (diffusion), the gravity center of the peptide was anchored to the origin
rich peptides that contain about 20 residues are found to form of the sphere with a harmonic potential (the force constant was set at
o-helical structures in an aqueous environment at room tem- 15 kcal/mol/&), while the peptide was free to rotate. We chose an

Computational Methods

The system we simulated consisted of a 15-residue polyalanine chain

perature®® The native state of the polyalanine, as well as the
alanine-rich peptide, would be tlehelical structure at room
temperature. Even though thehelical state may be thermo-
dynamically stable, a difficult problem remains concerning
whether the peptide can reach its native state within a limited
simulation time. This difficulty can be overcome either by using
a simulated annealing procedure or by simulating at a relatively
high temperature. Actually we were able to observeothelix
formation several times during a 17-ns simulation, in which
reversible helix-coil transitions were involved. We then ad-
dressed the following issues from three different viewpoints (i.e.,
structural, dynamical, and energetic viewpoints). What sort of
conformational change is involved in thehelix formation and
disruption? On what time scale does the polyalanine fold into
the a-helix? What type of energy (e.g., Coulombic or van der
Waals) drives the polyalanine into thehelix state?
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artificially folded left-handeda-helix as the initial structure of the
peptide; the left-handed-helix is thermodynamically less stable than
the nativeright-handeda-helix.3%4° Water molecules were randomly
set around the peptide. Since we conducted a long-time simulation
during which reversible helixcoil transitions were observed, the choice

of the initial structure did not affect the results presented in this
paper. We first performed a 2000-step energy minimization. We then
carried out 10-ps MD with the initial velocities randomly assigned
to realize the Boltzmann distribution at 200 K, and the temperature
was raised from 200 to 450 K during this period. After that, we
conducted a simulation consisting of a total of 17 ns. This simulation
can be divided into three periods: the first period-05 ns) was an
annealing period where the temperature was gradually decreased
from 450 to 300 K, the second period (25 ns) was an equilibrium
period where the temperature was raised again and maintained at 450
K, and the last period (511 ns) consisted of two independent
equilibrium simulations at 450 and 400 K which branched from
the point at 5 ns. The equations of motion were numerically inte-
grated using the leapfrog methtddThe SHAKE algorithr? was
applied to fix the bond lengths including hydrogen atoms, which
allowed us to use the numerical integration time step of 2 fs. The
temperature was controlled by weakly coupling with a heat fatl.
interactions, including the Coulombic interactions, were calculated
without cutoff. Therefore, our system conserves the total energy if the
thermostat is not applied. The MD program, PRESTC&as used

with modifications to carry out calculations on a special-purpose
computer for MD simulation$>#6The MD trajectory was saved every
500 steps (1-ps interval) for subsequent analysis, where the trajectory
points were averaged for every 10 ps duration in order to reduce
fluctuations.

Results

o-Helix Formation and Helix—Coil Transition (0—5 ns).
During the entire 17-ns simulation, we were able to observe
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, | [ [ | = Figure 2. Snapshots of the folding structural change during the
0.0 0.5 1.0 L5 2.0 2.5 annealing period. Main-chain atoms angla@@oms are displayed. Each
Time (ns) structure is superimposed on the structure at 2.5 ns, (d). The N terminus

Figure 1. Simulation of the annealing period{@.5 ns). Temperature IS located at the lower left of each snapshot. The dotted line in ()
of the system was successively lowered as shown in (a). (b) Trajectory Shows the initiation H-bond for the right-handeehelix.

of the fraction of the — (i + 4) type H-bond in the polyalanine chain.

We judged that an H-bond was formed when the distance between theon the N-terminal side (Figure 2c¢) and second, by adding two
oxygen and the hydrogen was lessrth A and the angle of the  H-bonds on the C-terminal side. After that, although we further
O—H-—N was greater than 120The H-bonds within the first 0.5 ns decreased the temperature to 300 K, we could not see any
are those of the left-handegthelix. (c) Spatio-temporal evolution of ~  growth; the peptide remained in an almost unchanged confor-
thei — (i + 4) type H-bonds. The darkness of the shading (gray scale) aion that is, the stable longrhelix ranging from residue 4

is in proportion to the H-bond strength, as shown at the right window, . . . . ) .
which is defined as the ratio of the total H-bonding duration to every Elgigatjsrlgu;d:)w with eight native H-bonds and the bent N terminus

10-ps interval. Note that the residue numbgedenotes théth residue )
with the acceptor oxygen. We next stepped forward to the second period of the

equilibrium simulation at 450 K (2:55.0 ns). Since the
several folding/unfolding events. First, we took a look at the formation of a right-handed-helix, though fragile, occurred
first period (0-2.5 ns), that is, the annealing period at decreasing at 450 K in the previous period even before cooling, we
temperature from 450 to 300 K (Figure 1a). To show the degree attempted to simulate at the constant temperature of 450 K to
of the a-helix formation, we monitored the hydrogen-bond (H- observe the folding and unfolding (i.e., hetizoil transition),
bond) formation between the carboxyl oxygen of residaad which allowed us to conduct an energetic analysis. In Figure 3,
amide the hydrogen of residuie+ 4. The trajectory of the  the time evolution of thex-helical H-bond is shown. As we
fractional H-bond, which is relative to 11 native H-bonds expected, the H-bonds in the-helical domain immediately
possible for this peptide, and the spatio-temporal evolution of became fragile, compared to that at 300 K, and began to fray.
the H-bond are shown in Figure 1b and c. The initial structure However, the growth of the-helix at the N terminus occurred
of the peptide was the artificially foldelft-handeda-helix. at~3.0 ns (Figure 4a), which was not achieved at 300 K. This
In the preparation period, two H-bonds of the left-handeuklix elongateda-helix, however, was only temporary. Four native
were immediately broken. For the first 1.05 ns, before cooling, H-bonds at the N terminus disappeared soon, followed by the
the following events occurred. The small left-handed helical disruption of the five C-terminal H-bonds. After the disruption
domain on the C-terminal side quickly disappeared, and the of all of the native H-bonds, the chain was in a random coil-
disruption of the larger left-handed helical domain followed. like state (Figure 4b). In the random coil-like period, nuclei of
(The left-handedx-helix was not observed in the subsequent thea-helix occasionally appeared but soon disappeared. Among
simulation.) Then, the nasceright-handedo-helix appeared  them, the two nuclei that were formed around 3.85 ns (Figure
at the center of the chain (see Figure 2a). Despite the high4c) succeeded in growing (Figure 4d). Then the lenbelix
temperature, it grew (Figure 2b), and a helical domain with four was formed at 4.12 ns (Figure 4e). This refoldechelix,
native H-bonds was formed before 1.05 ns, even though it was however, was not stable enough to live long, and turned again
fragile. We then cooled the system in a successive manner. Thento the random coil-like state.
chain further grew first by simultaneously adding two H-bonds
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25 3.0 35 4.0 45 5.0 Figure 5. Spatio-temporal evolutions of the H-bond formations other
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Figure 3. Simulation of the equilibrium period (2-55.0 ns). (a) (i + 3) type H-bond, and (c) the— (i + 5) type H-bond. The judgment
Temperature of the System was raised from 300 K and maintained atOf the H-bond formation and the definition of the gray scale are identical
450 K. (b) Trajectory of the fraction of the— (i + 4) type H-bond in with those in Figure 1.
the chain. (c) Spatio-temporal evolution of the (i + 4) type H-bonds.
The judgment of the H-bond formation and the definition of the gray the a-helix type, even though the formation is not frequent. A
scale are identical with those in Figure 1. careful look at Figure 5b reveals that substantial formations of
thei — (i + 3) type H-bond were observed both at the nucleation
sites (see also Figures 2a and 4c) and at the ends of the helical
domains (especially on the N-terminal side). In addition, we
can find that the initial H-bond of the right-handed helix-#.6
ns (Figure 2a) was the remnant of tle-handed helix. On the
other hand, thé — (i + 2) type H-bonds (Figure 5a) showed
an opposite pattern from both the- (i + 3) and thel — (i +
4) types, although all of them were fragmented and short-lived.
Thei — (i + 5) type H-bonds were rarely observed at the termini
(Figure 5c).
Temperature Dependence ofo-Helix Formation (5—11
ns). We then proceeded to the third period—(EL ns). Here,
we conducted two independent equilibrium simulations that
branched at the point of 5 ns: one was the continuation of the
previous equilibrium simulation at 450 K, and the other was
another equilibrium simulation where the temperature was
lowered and kept at 400 K. The spatio-temporal evolutions of
thea-helical H-bonds for both simulations are shown in Figure
6. At 450 K (Figure 6a), after the appearance of short-lived
smalla-helical domains on the C-terminal side, a landpelical
domain occurred on the N-terminal side, which continued for
2 ns. After this helical domain collapsed, the chain again folded
(d) 40ns () 4.12ns into the a-helix formation from the I[r)andom coil-like sgtate. On
Figure 4. Snapshots of the unfolding/refolding structural change during the other hand, at 400 K (Figure 6b), we could not observe any
the equilibrium period at 450 K. In the same way as in Figure 2, only substantiala-helix formation for the first 3 ns. After that,
main-chain atoms and CGatoms are displayed, and each structure is however, we were able to observe tdielix formation toward
supgrimposed on the strgcture at 2.5 ns. The.dotted lines iln (c) Showthe end of this period. Even though thehelix formation at
two independent nucleation H-bonds for the right-handetelix. 400 K was slower than at 450 K. the helical domain, once
Other Types of Intrapeptide H-bonds. We now examined formed, was more stable at 400 K than at 450 K.
the H-bond formations other than tlhehelical type, that is, Energetics of a-Helix Formation. We investigated the
H-bonds between the carboxyl oxygen of residard the amide o-helix formation and disruption from an energetic viewpoint.
hydrogen of residueis+ 2,i + 3, andi + 5, which correspond We focused on the second period 2% ns), that is, the

(@) 3.0ns (b) 3.5ns (¢) 3.85ns

to the y-turn, the p-turn (or 3¢-helix), and thez-helix, equilibrium simulation at 450 K, since in this period we could
respectively. We observed the spatio-temporal evolutions of suchobtain both a longx-helical domain and a disordered random
H-bonds throughout the above-mentioned two periods2(6 coil. We first looked at the total potential-energy trajectory of
ns and 2.55 ns). The spatio-temporal evolution of the- (i the peptide-peptide (P-P) interactions (Figure 7). The potential

+ 3) type H-bond (Figure 5b) has a pattern similar to that of energy decreased as more native H-bonds were formed. This
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(i + 4) type H-bonds are shown. The judgment of the H-bond formation Y o 00 05
and the definition of the gray scale are identical with those in Figure Ratio of native H-bond Ratio of native H-bond

Figure 8. The parametric plots between the peptigeptide (P-P)
potential energies and the ratio of the native-[(i + 4) type] H-bond

200 formed in the polyalanine chain during the equilibrium simulation at
- 450 K (2.5-5.0 ns): (a) the total potential energy, (b) the Coulombic
2504 energy, (c) the van der Waals energy, and (d) the geometric energy.
The van der Waals energy contains thel® (Lennerd-Jones) and the
-300 10-12 potential energies, and the geometric energy is composed of
the bonding, the angular, and the torsional energies. The data for the
350 first 0.2 ns were discarded to ensure equilibration. The straight lines

T T T T

25 30 35 40 45 5.0 in the figures .represent the least-squares fitted lines as the results of
Time (ns) linear regression.

Figure 7. The trajectory of the total potential energy of the peptide-
peptide (P-P) interactions during the equilibrium simulation at 450 K

=

Total P-P potential (kcal/mol)

Table 1. Energy Changes from the Coil State to tidHelix Staté

(2.5-5.0 ns) van der Waals Coulombic geometric total
P—P —25.3+06 —-69.4+14 —8.7+1.3 —103.4+2.2
tendency is clearly shown in Figure 8a. We recognized the P~W 21.5+0.8 110.5+2.6 132.0+2.9
anticorrelation between the ratio of the native H-bond formed \sN;t\évm _%éi gg __5851 Si 87413 :gg'gi i'g
in the polyalanine chain and the totat-P potential energy. yster ’ ' ' ’ ' A
X : . ! experimerit 13to—19
Note that the slope of the fitted linear line has an important

meaning since it indicates the energy change from the random _*° Each entry was obtained from the slope and its standard deviation

; : : B ; : of the best-fitted lin& in the parametric plot between the energy and
CO". state with no native H-bond to t_hehellx state with fuII_ the native H-bond ratio as shown in FiguresI®. The abbreviations
native H-bonds. The total-++P potential energy was lower in

) ! : (P—P, P-W, W-W, and system) stand for the pepticigeptide
the a-helix state than in the random coil state by 10%4£.2 interaction, the peptidewater, the waterwater, and the whole system,

kcal/mol. We then made the same analysis for each ingredientrespectively. Values are in kcal/mdiThe enthalpy change was
of the total P-P potential energy. The totaHf® potential energy obtained from the calorimetric experiment of Scholtz ial.
is composed of three energies: Coulombic, van der Waals, and . ) ) ) .
geometric (bonding, angular, and torsional) energies. Each of@s the solvation potential energy change in formingptHeelix. -
them also had a negative correlation with the native H-bond It was then 83.0+ 5.3 kcal/mol, favoring the random coil
ratio [Figures 8b-d (note that the vertical axes have varying State.
scales)]. The energy difference between the two states for each So far we have investigated the decomposed energies. We
energy is summarized in Table 1. We determined that the next integrated them. In Figure 10a, we show the parametric
Coulombic energy had the most significant contribution to the plot between the total potential energy of the whole system and
total P-P potential energy. the native H-bond ratio. Even though the points are scattered,
In contrast to the PP potential energies, the peptideater we found out that the energy decreases as the formation of native
(P—W) potential energies had a positive linear dependence onH-bonds develops. The energy change that accompanied the
the native H-bond ratios (Figures 9a and 9b). Again, the helix—coil transition was—20.4 4+ 4.8 kcal/mol, favoring the
Coulombic energy had a greater change than the van der Waalsx-helix state. This energy difference was mainly caused by both
energy (see Table 1). In the meantime, parts ¢ and d of Figurethe Coulombic energy and the geometric energy, whereas the
9 show the waterwater (W-W) potential energies, which are  contribution of the van der Waals energy was smaller (see Table
the last constituents to be considered. Although there was anl). We emphasize that the independent energetic analyses for
inherent large fluctuation, we recognized a negative correlation another equilibrium period at 450 K{3.1 ns) yielded the same
between the Coulombic energy and the native H-bond ratio, results; Figure 10b is the equivalent of Figure 10a, and the
whereas we could not detect a discernible trend in the van derenergy change obtained from Figure 10b wéaxl .0+ 2.9 kcal/

Waals energy. The sum of the-®V and the W-W energy mol, which is the same, within the error, as obtained from Figure
changes associated with thehelix formation may be regarded  10a.
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Figure 9. The parametric plots between the intermolecular potential
energies and the ratio of the native H-bond formed in the chain during
the equilibrium simulation at 450 K (2-75.0 ns): (a) the peptide
water (P-W) potential energy for Coulombic, and (b) that for van der
Waals; (c) the waterwater (W—W) potential energy for Coulombic
(arbitrarily shifted upward by 17 800 kcal/mol), and (d) that for van
der Waals (arbitrarily shifted downward by 2000 kcal/mol). The straight
lines in the figures represent the least-squares fitted lines.
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Figure 10. Parametric plot between the total potential energy of the
whole system and the ratio of the native H-bond formed in the chain
during (a) the equilibrium simulation at 450 K (2:8.0 ns) and (b)
that for another period (5:011.0 ns). The energies are arbitrarily shifted
upward by 16000 kcal/mol. The straight lines in the figures represent
the least-squares fitted lines.

Discussion

We were able to observe tloehelix formation several times
in water. The process in forming (or breaking) native H-bonds

Takano et al.

simulation presented here, we found that the helical structure
on the C terminus is more fragile than that on the N terminus
by simulating thea-helix at 400 K (data not shown), which is
in accord with the simulatici and the experimentd:32

In addition to thea-helical [i.e.,i — (i + 4) type] H-bond,
we observed the H-bond formations of other types such as the
i — (@ + 2), thei — (i + 3), and thel — (i + 5) types. The
substantial formation of the — (i + 3) type H-bond at the
ends of thex-helical domain is consistent with the NMR stdfly
and other theoretical studié!”4850In most cases, the nucle-
ation of the helical structure was initiated by the- (i + 3)
type H-bond formation that belongs to the typg-turn®! (see
Figure 4c). However, the nucleus found-a0.6 ns in the first
period (Figure 2a) took the form of the typeAiturn > which
was the remnant conformation of the initial left-handetelix.
It is interesting that the type IB-turn then converted to the
type | g-turn by a crankshaft-like counter-rotational motion,
which has been thought of as an essential motion of polymers
in solution in order to minimize the frictional resistarféé?
Regarding the rarely formed — (i + 5) type H-bond, the
formation was merely due to the main-chain H-bonding interac-
tion, not due to the side-chairside-chain interaction as
observed in the simulation of an alanine-rich peptid.

During the equilibrium simulations at 450 K (2-31.0 ns),
we observed substantiathelix formation three times. There-
fore, the simulated folding time scale at 450 K is supposed to
lie in the range of several nanoseconds. This time scale,
however, appears to be much faster than the experimentally
determined folding time scale of 180 ns. To account for this
inconsistency, we made a rough estimation of the folding time
scale at room temperature (300 K), assuming the temperature
and viscosity dependence of the rate constant according to
Kramers’ theory in the large viscosity regirtfe8 Although the
o-helix formation involves many reactions, the time scale of
adding one H-bond to the existing-helical segment would
provide the lower bounds of the-helix formation time scale.
The barrier height of this process has been extensively studied
by free-energy simulations and estimated to be about 2.8 kcal/
mol, which is mainly due to the unfavorable steric interactions
within the peptide’®:5” Furthermore, the water viscosity, itself,
has a temperature dependef#, and the value at 450 K is
about 6 times smaller than at 300 K; the self-diffusion
coefficients of water calculated in our system (data not shown)
were in accord with the experimental or¥sp that the viscous
property of water would be well-simulated. Taking these facts
into account, we expected the folding time scale at 300 K to be
about 30 times slower than that at 450 K, that is, in the range
of 100 ns (see Appendix where the Kramers’ rate formula is
given together with the comparison between the folding and

(48) Young, W. S.; Brooks, C. L., IllJ. Mol. Biol. 1996 259 560—
572.

(49) Millhauser, G. L.; Stenland, C. J.; Hanson, P.; Bolin, K. A.; van de
Ven, F. J. M.J. Mol. Biol. 1997, 267, 963-974.

(50) Sheinerman, F. B.; Brooks, C. L., I0. Am Chem Soc 1995 117,

has a cooperative nature. Several H-bonds, although not all10098-10103.

H-bonds, were cooperatively formed (broken), as was found in
the previous MD study of the helixcoil transition without
explicit water?” Young and Brooks performed the free-energy
simulation and determined the difference in cooperativity and
stability of thea-helix formation between both ends of a helical
domain?®® Although such a difference was not clear in our

(47) Press: W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.
Numerical Recipes in FortranThe Art of Scientific Computin@nd ed.;
Cambridge University Press: New York, 1996; pp 6%60.

(51) Rose, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Chem1985
37, 1-109.

(52) Pear, M. R.; Northrup, S. H.; McCammon, J. A.; Karplus, M.; Levy,
R. M. Biopolymers1981, 20, 629-632.

(53) Helfand, E.Sciencel984 226, 647—650.

(54) Shirley, W. A.; Brooks, C. L., lllProteins1997 28, 59—71.

(55) Kramers, H. APhysical94Q 7, 284-304.

(56) Steinfeld, J. I.; Francisco, J. S.; Hase, WChemical Kinetics and
Dynamics Prentice Hall Inc.: New Jersey, 1989; pp 440114.

(57) Brooks, C. L., lll.J. Phys Chem 1996 100, 2546-2549.

(58) Krynicki, K.; Green, C. D.; Sawyer, Wraraday DiscussChem
Soc 1978 66, 199-208.
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the unfolding rates). This estimated time scale is in agreement )

with the experimentally determined time scafeln addition, A ,
the a-helix formation at 400 K is expected to be about 2 times ks ot ’
slower than at 450 K, and our results coincide with this K"/ N\"A s - Ky tot

prediction of Kramers’ theory (see Figure 6).

We found a linear correlation between the ratio of the native
H-bonds formed in the polyalanine chain and each of the
energies (Figures-810). This fact implies that the formation
of the native H-bonds played a leading role in our simulation, J -
since it had a crucial effect on the energetics of the whole system (G=12,.m) Temperature
including not only that of the polyalanine but also that of the Figure 11. (a) Schematic picture of the hefixcoil reactions. (b)
water molecules. The total energy change of the whole systemGeneral profiles of the total folding and the total unfolding rates(
that accompanied the-helix formation was consistent with the = 5, E¥/Ec* = 5). See the text for the details.
value obtained by the calorimetric experiment of Scholtz &t al.
(see Table 1). The temperature dependence of the-hedik
energy changes is thought to be small because of the small heat- We demonstrated MD simulations of a 15-residue polyalanine
capacity change as to the hefigoil transition of the polyalanine  in water, and we observed tehelix formation several times.
chain (ca. 0.027 kcal/mol/Kd-62 The folding events showed a cooperative nature, and it usually
)pegan with the — (i + 3) type H-bond formation. In the folding

dynamics of the peptide, a crankshaft-like motion was included,
t Which is thought of as an essential motion of polymer dynamics

energies that stabilize thehelix state were the Coulombic and 1" Solution. The go-helix was observed especially at the ends

the geometric energies (see the fourth row of Table 1). It has ©f the a-helical domains. The folding time scale at room
been considered that the main-chain H-bond formation, which f€mperature estimated from our simulation was about 100 ns,

is mainly due to the Coulombic interaction, stabilizesdkeelix which is in accord with the time scale determined by the T-jump
state0.63 although there has been a contradictory opirsi. experiments of an alanine-rich peptide. The formation of the
Our results support the former opinion. It should be noted, Nativeé H-bond affected the energies in the system. The peptide

however, that the Coulombic energy decrease associated withP€Ptide energies and the watevater Coulombic energy had a
the a-helix formation was not simply due to the native H-bond negative correlation against the ratio of the native H-bond

formation in the polypeptide, but was caused thg sumof formepl in the polxalanine chain, while the peptideater
both the intrapeptide (PP) and the intermolecular (AN and energies had a positive correlation. The total-energy of the whole

W—W) H-bonds. The net decrease in the Coulombic energy in system decreased by 2Gt44.8 kcal/mol from the random coil

folding resulted from the fact that the native intrapeptide H-bond sthate to tgex-hel_ix sga;)e, V\;]hiCh ils c_onsistent Wit.h the enthalpy
was tighter (or more favorable) than the intermolecular H-bonds, ¢"ange determined by the calorimetry experiment using an

The geometric energy change, another dominant helix-stabilizing alanlner;rlph peptlde. (%ur (rje];sults s.upporrt].tr;]e' opln!o? t(;]at the
factor in our simulation, mainly originated from the torsional main-chain (native) H-bond formation, which is mainly due to

energy change. The reason can be explained as follows; in thethe Coulombic interactions, stabilizes thenhelix formation of

random coil state, the dihedral angles took various values with & shprt peptide. The torsioqal energy was also founq to
high energies, whereas in taehelix state, they predominantly contribute as much to the-helix stability as the Coulombic

took the gauche conform which corresponds to an ener energy. .
minimumg. 0 P 9y Appendix: Kramers’ Rate Formula and Comparison

. . . . . between Folding and Unfolding RatesKramers’ rate for the
Finally, it would be interesting to compare our energetic

! . barrier-crossing reaction (in the large viscosity regime) is
results with that of another group. Braxenthaler et al. simulated described as§,5? ( 9 y regime)

an isolated helix fragment of barnase in water starting from the

X-rqy structurg of the natlvg protefﬁ,.and they observed k(T) Dy(‘l’)_l exp(—E*/RT) (1)
partially breaking and reforming of main-chain H-bonds. The

energy changes that accompanied the breaking or reforming ofwherey, E*, R, andT are the friction constant, the barrier height,
the main-chain H-bonds are found to be consistent with ours, the gas constant, and the temperature, respectively. In Figure
except for the geometric and especially the torsional energy; 11a, we show the illustration of hetixcoil (folding—unfolding)

the torsional energy was almost unchanged in their simulation reactions. As already discussed, the rate for the helix formation
in contrast with our previously mentioned result. This is because decreases as temperature decreases. The same is true of the
in their simulation, the peptide did not undergo such a large unfolding rate, which was not dealt with in the discussion. Then,
conformational change as observed in our simulation. At any we compared the total folding and the total unfolding rates; since
rate, it is noteworthy that two different MD simulations with ~ each of the coil and the helix states has a number of microstates
different peptides and different force-fields produced a similar (¢’s and i's in Figure 11a), we considered parallel reactions.
result concerning the energy change associated with the main-To make a general argument, we assumed that the coil and the
chain (native) H-bond formation. helix states haven and n microstates, respectively, and that
each microstate in the coil (helix) state can reach all ofrthe

(59) Alberty, R. A.Physical Chemistry7th ed.; John Wiley: New York, (m) ones in the helix (coil) state by overcoming the barrier of
1987.

(60) Scholtz, J. M.; Marqusee, S.; Baldwin, R. L.; York, E. J.; Stewart, (63) Avbelj, F.; Fele, LJ. Mol. Biol. 1998 279, 665-684.

Reaction rate

Conclusion

The subsequent question then concerns what sort of energ
caused this total energy decrease in forming dhleelix. By
dividing the total energy, we determined that the dominan

J. M.; Santoro, M.; Bolen, D. WProc. Natl. Acad Sci U.SA. 1991, 88, (64) Yang, A. S.; Honig, BJ. Mol. Biol. 1995 252 351—-365.
2854-2858. (65) Wang, L.; O’'Connell, T.; Tropsha, A.; Hermans,Blopolymers
(61) Ooi, T.; Oobatake, MJ. Biochem (Tokyg 1988 103 114-120. 1996 39, 479-489.
(62) Oai, T.; Oobatake, MProc. Natl. Acad Sci U.SA. 1991, 88, 2859~ (66) Braxenthaler, M.; Avbelj, F.; Moult, J. Mol. Biol. 1995 250, 239—

2863. 257.
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the same height. The total folding (unfolding) ratget (Ku tof), at a lower temperature both in our simulation and in the
then becomes experiments:3° Further calculation of the ratio of the two rates
gave us the following expression
=nk O nexp(—E*R 2
Kiror = Nl PCESRT) @k ofk o= (VM) expl—(E.* — E*)/RT] @)
ku,tot: mKJ U mexp(_Eh*/ RT) (3) — exp[—(Ec* _ Eh*)/

wherek; andk, are the rates of a single reaction (see Figure RTlexp[R(In n = In my/R] (5)
11a) (we dropped the friction constant because we were = exp[—(AE — TAS/RT] (6)

concerned with the relative values). By taking the fact that where AE and AS are the energy and the entropy changes

- PR :
n and B, Ec* into account, we obtained the general from the coil state to the helix state (we used the Boltzmann’s

features ok; or andky ot as shown in Figure 11b; in addition to - ~ . -
the decrease of the rates at lower temperature, we noted tha{elatlon,S— RlIn W, whereW'is the f‘”mber of the microstates
In each state). Thus, we recognized the correspondence to

there is a specific temperature where the two rates cross. Belowthermod namics
that temperaturekso: surpassesy o SO that the helix state y )
becomes more stable; in fact, a more stable helix was observedlA982919C



